The concentrations of Na, Mg, K, Ca, Cr, Fe, Ni, Cu, Zn, As, Se, and Pb in various tissues of Pangasius sp. were determined using microwave-assisted digestion/inductively coupled plasma-mass spectrometry. The clustering tendency related to elemental patterns associated with tissue variants and fish habitats were explored using hierarchical cluster analysis and principal component analysis. The results revealed that the general elemental accumulation pattern was strongly dependent on the type of tissue, whereas latent deviations within particular tissue samples can be linked to the natural variability between wild-caught and farmed fish. The inherent elemental patterns allowed us to differentiate between those wild-caught and farmed fish through linear discrimination analysis with 100% precision. In terms of food safety, the elemental concentrations in edible muscle were found to be far below the legal limits, as the associated health risks at the 90th percentile were well within tolerable regions, although wild-caught fish were found to pose a higher risk.
INTRODUCTION
Owing to the anthropogenic impact on the freshwater aquatic ecosystem, there has been growing awareness about the contaminant levels in fishery production. [1, 2] In this regard, the main concern is always to address the associated potential human health risks due to bioaccumulation and biomagnification through the food chain. [3] In other words, a fish that occupies the highest trophic level at the end of the aquatic food chain may be concentrated with a substantial amount of hazardous chemical species, which could be passed to human beings. [1, [4] [5] [6] This accumulation pattern not only depends on the bioavailability and chemical characteristics of the contaminants, but also other conditions such as feeding habits, age, size, duration of exposure, and homeostatic regulation activity. [7, 8] In developing countries, aquaculture is a fast-expanding industry, because of the importance of fish as a source of protein. In Malaysia, this industry shows a growing economy as well as nutritional and social importance. Among the food supply from freshwater aquaculture fisheries, Pangasius sp. (Fig. 1) is one of the major market demands. [9] On the other hand, the nature of being able to accumulate biologically available forms of pollutants, particularly heavy metals that are highly toxic and have long-term persistence, have raised potential food safety issues in fishery supplies. [10] One of the concerns is regarding the variations in the accumulation patterns between wild-caught and farmed fish. Accumulation patterns in naturally grown and aquaculture produce may differ considerably, owing to many factors that are related to variations in environmental conditions. [11, 12] It has been suggested that wild fish accumulate metal elements from their ambient habitat, whereas farmed fish mainly accumulate metals through their diet, that is, through commercial feeding pellets. The elemental content may subsequently be altered in cases of effluent feeders. [13] Although farmed fish are generally perceived to be less susceptible to pollution, the overall consumer preference was in favor of wild-caught fish, as its safety is already presumed. [14] As the chemical differences among them are not visible to the naked eye; unscrupulous producers try to gain economic advantage from mislabeling and misleading claims, which are detrimental to other producers and consumers. Referring to previously published scientific reports, only a limited number of studies have addressed such issues; [15] moreover, no data have been published for Pangasius sp. Knowledge about elemental accumulation patterns not only help in communicating the health risks associated with their consumption, but could also be useful for differentiating between wildcaught and farmed fish.
One focus of this study is on the elemental accumulation patterns of Pangasius sp. gills and liver, which have been considered as target organs for assessing bioaccumulation; including muscles, which are of most concern to humans because it is the main tissue that is consumed as food. Elemental concentrations in the gills reflect the availability of the related elements in the ambient water, whereas concentrations in the liver indicate the accumulation as a consequence of substantial exposure. [16] It is generally agreed that elemental uptake in fish is mainly through food, water, and sediment. The efficiency of the uptake may differ as a function of the ecological needs, metabolism, and concentration gradient of water, food, and sediments. [17] This suggests that accumulation patterns in fish species associated with elemental exposure can also provide useful information that could be correlated to its habitats. [18] In the context of fishery food supply, elemental compositions are mainly investigated for food-safety purposes and are rarely explored from the perspective of chemometrics. In the present study, the concentration of Na, Mg, K, Ca, Cr, Fe, Ni, Cu, Zn, As, Se, and Pb were measured in the gills, liver, and muscle tissues of wild-caught and farmed Pangasius sp. By inductively coupled plasma-mass spectroscopy (ICP-MS). The ICP-MS data were evaluated with hierarchical cluster analysis (HCA) and principal component analysis (PCA). The main idea behind HCA and PCA is to reveal the underlying patterns in elemental compositions in order to express them in a reduced dimension, so as to highlight the similarities and differences. The feasibility of distinguishing the identities of unknown samples based solely on elemental composition was further demonstrated using linear discrimination analysis (LDA).
MATERIALS AND METHODS

Sampling Sites
Briefly, the Selangor River originates at an attitude of 1500 m in a naturally vegetated area and flows in a south-westerly direction before discharging into the Straits of Malacca at Kuala Selangor. It is a source of raw water supply that serves and sustains the needs of agricultural activities nearby the river, for instance, the aquaculture fish farming located at Taman Agroteknologi Pertanian Bistari Jaya, Kuala Selangor. Inevitably, the river also exposed to industrial discharges and agriculture runoffs. [19] Sample Collection
The slaughtered Pangasius sp. (which were killed before the research process began) were donated by local fishermen and fish farmers in Kuala Selangor during June 2012. These samples were either wildcaught fish from the Selangor River (depth:~3-3.5 m) or aquaculture produce based on pool practices from the earthen pond (depth:~0.5-1 m) located at Taman Agroteknologi Pertanian Bistari Jaya.
Sample Preparation
The specimens were first wrapped into polyethylene plastic, and packed samples were cooled with blue ice packets in an insulated box immediately and then transported to the laboratory on the same day. The total fish length and weight were measured before being stored at -20°C until dissection was performed. Tissues of the muscle, gills, and liver were removed and cleaned several times with ultrapure water (UPW). These tissue samples were freeze-dried (CHRiST, Germany) and homogenized with a mortar and pestle. Dried samples were kept in amber jars in a desiccator before undergoing microwave digestion.
ELEMENTAL DISTRIBUTIONS IN PANGASIUS SP.
Reagents and Standard Material
UPW with resistivity of more than 18 MΩ cm was obtained from a PURELAB ® UHQII system (ELGA ® , UK). Solutions of 65% nitric acid and 30% hydrochloric acid were of Surprapur ® quality (Merck, Germany). Fresh calibration standards were prepared by an appropriate dilution of the ICP multi-element standard stock (Agilent Technologies, USA) that consists of 1000 mg L -1 of Fe, Ca, K, Mg, Na and 10 mg L -1 of As, Cd, Cr, Cu, Ni, Pb, Se, and Zn in 5% HNO 3 . The purities of the argon plasma gas and helium collision gas were higher than 99.999%. DORM-3 and DOLT-4 (National Research Centre, Canada) certified reference materials (CRMs) for trace metals were used to validate the methods. All apparatus were soaked overnight in 10% nitric acid in order to avoid possible crosscontamination. In addition, they were thoroughly rinsed with UPW and dried prior to use.
Sample Analysis
Tissue samples were analyzed according to the method described by Low, Zain, and Abas, [20] in which microwave-assisted digestion (MAD) was carried out in a CEM Mar Xpress Microwave-Accelerated Reaction System (USA). Approximately 0.25 g of dried sample was weighted directly into a 55 mL self-regulating control PFA ® vessel and digested with a reagent consisting of 10 mL HNO 3 :HCI:H 2 O at the ratio of 5:1:14 (v/v). The microwave temperature was ramped to 185°C in 10.5 min and held there for 14.5 min under a microwave power of 800 W. A blank sample was prepared in the same way. After digestion, the sample was cooled before being transferred to a 50.0 mL polypropylene volumetric flask, and the volume was made up to the mark with UPW. Diluted sample solutions were refrigerated in polyethylene vials and were analyzed within 5 days by an Agilent Technology 7500 ce ICP-MS integrated with an octopole reaction system and an ASX-500 autosampler (Agilent Technologies, Japan). In order to remove possible interferences due to polyatomic ions, the acquisition mode was carried out under helium collision and kinetic energy discrimination. [21, 22] 
Data Analysis
Statistical analysis of the data was performed using the JMP version 9.0 software package. The whole ICP-MS data matrix is composed of 120 samples (20 samples of each tissue from each habitat) and 12 variables (concentrations of 12 elements). This matrix was systematically split into a training set (84 × 12) and a test set (36 × 12) .
For unsupervised study, HCA and PCA were conducted on the training set to obtain an overview of the natural clustering and multivariate elemental distribution pattern in the studied samples. HCA converted the original ICP-MS data into one-dimensional dendrograms by developing sample clusterings through a Ward algorithm and Euclidean distance. In order to eliminate variance differences between variables, PCA was performed on the correlation matrix of the original variables. PCA linearly transformed the training set into a product of two matrices, one which contained information about the metal concentrations (loadings) and the other provided information of the samples (scores). Each PC value was associated with an eigenvalue, where PC1 had the largest eigenvalue and carried the most variance of the original data compared to other PCs, which then decreased in the order of variation. These manageable dendrograms and score-loading biplots improve the interpretability of the ICP-MS results. [23, 24] For supervised pattern recognition, LDA models were constructed using the training set, which were validated by the test set. LDA minimizes the variance within clusters while maximizing the variance between the predefined clusters. [25] This procedure facilitates mathematical discrimination between the clusters by derived the linear functions.
RESULTS AND DISCUSSION
An effort was taken to collect Pangasius sp. from two different habitats; their morphometric data and physico-chemical parameters of water are summarized in Table 1 . The condition factor (CF) was calculated by the ratio of the weight to length, which is commonly used as a general index of fish health, whereas the hepatosomatic index (HSI) is defined as the ratio of liver weight to body weight, which reflects the status of fish energy reserves. [26] Despite the fact that the samples that originated from the aquaculture pond were generally smaller in size compared to those from the Selangor River, there were no significant differences observed between their HSI and CF values. This provides a sensible comparison of the elemental compositions among the samples. In fact, there has rarely been any significant correlation reported between elemental accumulation patterns and fish size or sex. [2] The analytical performance of the MAD/ICP-MS method was checked using the CRMs of dogfish muscle (DORM-3) and liver (DOLT-4). As can be seen in Table 2 , there is a good agreement between the measured and certified values for all cases (p > 0.05). Table 3 presents the elemental concentrations found in various tissues of wild-caught and farmed Pangasius sp. Independent of the sample origins, the accumulation order for macro-elements was found to be K > Na > Mg > Ca, which is in good agreement with the sequence reported by Łuczyńska, Tońska, and Łuczyński; [27] except for gills, which shows an order of Ca > K > Na > Mg. Gills are expected to contain higher concentrations of Ca, [28] because Ca is a major component of the gill arches; moreover, gill epithelium has been demonstrated to be the main site of Ca uptake from fresh water in order to sustain the Ca requirement of the fish. [29] On the other hand, there is no particular trend observed in the accumulation of trace elements. Yet, the overall concentrations are generally found to be higher in the liver compared to the gills and muscle tissues, regardless of the sample origin. In particular, concentrations of bioactive elements such as Fe, Cu, Zn, Se, and Pb are significantly higher (p < 0.001) in liver tissues in fish from both habitats. These elements tend to accumulate in high-metabolic-rate organs such as the liver rather than other tissues, due to their capacity to induce metal-binding proteins such as metallothioneins. [30] [31] [32] [33] To ease the interpretation, HCA and PCA were conducted to explore elemental distribution patterns in the studied samples. From the PCA model, the first two PCs accounted for about 83% of the total variability of the associated elemental concentrations in all tissues. Figure 2 shows that three major distinct clusters were revealed by both the score-loading biplot and the dendrogram. The identities of these clusters are perfectly matched with the types of sample tissues, regardless of the habitat of the fish. For instance, cluster I is made up of the PC scores associated with elemental variations in the liver tissues. Cluster II composes of the scores of gills, whereas the scores of muscle tissues are grouped in cluster III. It is clearly demonstrated that variations in elemental content caused by the variance in the different tissues are greater than those caused by the habitat. In other words, variation in the elemental accumulation pattern is strongly dependent on the type of tissue being investigated. [18, 20] Based on the findings, the elemental accumulation patterns should be able to infer the identities of unknown Pangasius sp. tissues. To test this hypothesis, an LDA model was calibrated using the training set and validated by the remaining test set. The results showed 100% "correct" classification (Table 4) .
From the PC1 axis in Fig. 2 , it can be seen that scores of the liver samples (cluster I) were dispersed in the region with high positive loadings of Cu, Pb, Se, Zn, Fe, and As. This can be interpreted to indicate that the liver tissues normally contain higher amounts of such elements, making them stand out more from those on the right-hand side of the score plot. Analyzed together, the results from Fig. 2 and Table 3 suggest that the total elemental accumulation is in the order liver > gills > muscle. This trend is consistent with previously published reports. [20] Higher accumulation ratios are found in the fish liver tissues, which are associated with the tendency of chemical interactions between elements and oxygen carboxylates, amino groups, nitrogen, and/or sulfur of the mercapto group in metallothionein proteins. [34] Gill samples in cluster II are distinguished from the others, as they have negative scores on PC1 and high positive scores on PC2 (Fig. 2) . Referring to the biplot, all gill samples are located in the upper-left quadrant, which is associated with significant positive loadings of Na, Ni, Ca, and Cr. As the elemental concentrations in the gills are directly dependent on the ambient conditions, they are noteworthy candidates for tracing the habitat of Pangasius sp. In fact, it can be observed that cluster II mainly consisted of two subclusters, which can easily be distinguished by the magnitude of the scores on PC2 that explained approximately 36% of the total variance. Subcluster II-W, with higher PC2 scores, was donated from the gill samples from wild-caught Pangasius sp., which commonly contain greater concentrations of Na, Ni, Ca, and Cr, whereas subcluster II-A corresponded to farmed fish, which generally have lower scores. Elemental exposure is a potential reason for these variations. Based on previous studies conducted in the Selangor River, such elemental inputs could be attributed to industrial effluents and agricultural runoffs in that area. [19] In the same way, cluster I, which consisted of liver samples, can also be divided into subcluster I-W (wild-caught) and subcluster I-A (farmed), which were partitioned by the axis of PC1 (Fig. 2) . Likewise, liver samples with positive scores on PC2 belonged to wild-caught Pangasius sp. from the Selangor River, which could be associated with a higher content of Na, Ni, Ca, and Cr, whereas those corresponding to negative scores are aquaculture produce associated with Mg and K. It is suspected that variations in the accumulation of Mg and K in the livers of cultivated samples were probably caused by aquaculture practices, such as the utilization of metal-enriched fish feeds, metal-based antifoulants, and so forth. [35] Considering the results from Fig. 2 and Table 3 , it can be said that the wild Pangasius sp. generally accumulated higher concentrations of metals compared to the farmed fish, as subjected to elemental bioavailability. Variations are very clear when referring to liver tissues (p < 0.001), which are capable of storing high amounts of the elements.
To visualize the accumulation patterns claimed above, further HCA and PCA were performed on each type of tissue, exclusively (Fig. 3) . For the sub-training set comprising entirely liver samples, the dendrogram and biplot are shown in Fig. 3a . It clearly demonstrates two discrete clusters, which are partitioned by the PC2 axis in the biplot. The livers of wild-caught fish have positive scores on PC1 (which explained ca. 70% of the total variance) and have high positive Actual rows by predicted columns. loadings of Na, Mg, K, Ca, Cr, Fe, Ni, Cu, Zn, As, Se, and Pb, and vice versa. A similar pattern was observed in the subset consisting only of gills, as Fig. 3b also indicates two separable clusters. Again, these results emphasized that wild Pangasius sp. from the Selangor River accumulate higher concentrations of elements than those from the nearby freshwater aquaculture pond. This is in complete agreement with the findings of Kalantzi, Black [15] in a study that was conducted on marine fish in the Mediterranean. Such findings provided a solid basis for quantitative discrimination between wild-caught and farmed fish through the elemental compositions of the tissues, as 100% discrimination and predictive rates were achieved when using the LDA algorithm.
The biplot in Fig. 2 also indicates that the muscle samples (cluster III) are isolated from other tissues, with high and negative scores on both PCs. This quadrant is primarily loaded with Mg and K; thus, it is suggested that muscle tissues exhibit lower metal concentrations than other tissues, except for Mg and K elements. This is consistent with the accumulation trends shown in Table 3 . Mg and K are macro-elements that are needed for survival (as they play vital roles as enzyme co-factors and are important structural components of cell membranes and extracellular fluids), where the dietary requirement of the fish is 1-3 g kg -1 and 500 mg kg -1 for K and Mg, respectively. According to the National Research Council, fish are capable of extracting Mg from the environment; about 40% of the body's Mg is distributed throughout the organs and muscle tissues. [36] In addition, the scores of muscle tissues do not disperse in the same way as those for the liver or gills samples (Fig. 2) , as no linearly separable cluster was observed between the wildcaught fish and those that were farmed. One reason for this could be that the muscle tissues have a weak accumulating potential, so the variation caused by the difference in habitat is masked by the variance described by the tissue types. [37, 38] Another reason could be that PC1 and PC2 in Fig. 2 were inadequate factors to fully resolve the elemental variations associated with the muscle tissues of wild-caught and farmed fish. To resolve this issue, another set of HCA, PCA, and LDA models was constructed, solely for the muscle samples. The dendrogram and biplot (explaining 69% of the total variance) in Fig. 3c disclose the evident variations between muscle samples from both habitats, as the LDA accomplished 100% precision. In this case, PC1 (associated with significant positive loadings of Mg, Fe, Ni, Cu, and Zn as well as considerable negative loadings of Na, K, As, and Se) is responsible for the discrimination between the habitats, whereas PC2 describes the variability within the habitat. Based on these additional results, the muscle tissues from wild-caught fish show a tendency to exhibit higher concentrations of As, Na, K, and Se, whereas aquaculture fish generally show higher concentrations in Mg, Fe, Ni, Cu, and Zn.
Another noteworthy finding under the experimental conditions of this work was that the LDA model constructed using the training set (84 × 12) allowed differentiation between the wild-caught and farmed Pangasius sp with 100% precision, without knowing the identities of the tissue types. This implied that there could be some common elemental patterns shared among each cluster of wild-caught fish or farmed fish, regardless of the type of tissue being investigated.
Owing to the function of muscle tissues as part of the human diet, the tendency to accumulate measurable amounts of toxic elements such as As in wild-caught Pangasius sp. brings about public awareness. According to the Malaysian Food Act 1983 and Food Regulations 1985, the permissible level is defined on the basis of wet weight. [39] To ease the comparison purposes, the metal concentrations in the edible muscle, which had been corrected for wet weight, are summarized in Table 5 . It clearly indicates that the total arsenic concentrations for the wild-caught and farmed fish were 0.03 ± 0.01 and 0.07 ± 0.01 mg kg -1 , respectively, which are far below the legal limit. Similarly, other concentration values are also lower than the prescribed allowance. Basically, these concentrations are in the same range 0.14 ± 0.03 [42] All reported values are referred to wet base; -: not reported.
as most of the previously reported values for cultured Pangasius sp. [40] [41] [42] The deviations that were noted could be associated with variations in aquaculture practices and geographical origins, which make traceability feasible.
To quantify the health risks associated with the consumption of the Pangasius sp. for local residents, both the levels of exposure and doses that lead to adverse effects need to be considered. As macro-elements such as Na, Mg, K, and Ca do not normally approach a level of toxicological concern, the hazard quotient (HQ) associated with lifelong exposure of a trace element is estimated by: [43] HQ
where C is the targeted elemental concentration in edible muscles (Table 5) , FIR is the mean daily fish ingestion rate (0.018 kg day -1 ), [44] BW is the average body weight (62.56 kg), [45] and RfD is the targeted oral reference dose. [46] Table 6 summarizes the chronic health risks estimated for the consumption of wild-caught and farmed Pangasius sp. It can be noted that the all of the estimated HQ values are lower than 0.2, even for the total HQ based on the 90th percentile of individual elemental concentrations. This implies that the consumption of both wild-caught and farmed Pangasius sp. Is unlikely to cause chronic health effects for local residents over a lifetime; although, the risk associated with the consumption of wildcaught fish was found to be approximately twice that of the farmed fish. Other noteworthy observations showed that Se always contributes more than 50% of the total HQ when considering the mean concentrations, whereas considering the 90th percentile of the concentrations shows that both Se and As together expressed more than 50% of the total HQ. These observations reveal that the inorganic As could be another potential hazard that requires monitoring (besides the Se), owing to its extremely low RfD (3 × 10 -4 mg kg -1 day -1 ), which corresponds to there being no observed adverse-effect level and the certain degree of uncertainty. [46] 
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CONCLUSION
HCA and PCA improve the interpretability of multivariate data by providing pictorial evidence, whereas LDA supports the inferences from previous exploratory analysis. Based on the biplot, the elemental accumulation pattern in Pangasius sp. is strongly associated with the type of tissue. For a particular tissue, its elemental distribution pattern provides a solid basis for distinguishing between wild-caught and farmed fish under the present experimental conditions. This facilitates fish authentication using elemental composition information from whichever tissue. In the aspect of food safety, trace-metal concentrations found in edible muscles were far below the legal limits.
Results from a preliminary health-risk assessment showed that As and Se were the major risk contributors. Consumption of Pangasius sp. is well within tolerable regions, although the wildcaught fish were found to pose a higher risk.
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